Introduction
Aquatic green plants can assimilate carbon dioxide in solutions of widely varying hydrogen-ion concentration. Our purpose in investigating the rate of photosynthesis as a function of this factor was to clarify the interpretation of experiments in carbonate mixtures, where the concentrations of carbonate and bicarbonate ions and of free carbon dioxide all vary with the hydrogen-ion concentration. The relationships are shown in figure 1, where the percentage of total carbon dioxide in each of these three forms is plotted against the pH. The range covered by the carbonate mixtures is to the right of pH 8. From here the proportion of bicarbonate, which is at first maximal, declines with increasing pH, and the carbonate, extremely low at first, rises gradually to its maximum somewhere beyond pH 12 from its already very low value at pH 8, and becomes insignificant at pH 9 . Nevertheless, if the carbonate and bicarbonate concentrations are high enough, the concentration of free carbon dioxide remains appreciable, for purposes of measuring photosynthesis, down to pH 11. If the mixtures are prepared by mixing M/10 solutions of carbonate and bicarbonate, then at pH 9 the concentration of free carbon dioxide will be sufficient to "saturate" photosynthesis, that is to say, cells in this concentration of carbon dioxide will show the maximum rate of photosynthesis of which they are capable. This rate will be independent of even relatively large changes of concentration. At pH 10, obtained according to figure 1 by mixing equal parts of carbonate and bicarbonate, the concentration of free carbon dioxide will be "limiting" for photosynthesis, or so low that the rate of photosynthesis is now a function of the concentration. The solutions made by mixing M/10 carbonate and bicarbonate have a fair buffering capacity for carbon dioxide, a considerable amount of which may be used by assimilating cells without much change in concentration. WARBURG (17) prepared a series of carbonate-bicarbonate mixtures covering the range of carbon dioxide concentrations physiologically important for green plants, and used these mixtures to study photosynthesis as a function of the concentration of free carbon dioxide, on the assumption that among the several variables in the mixtures this factor alone was significant for photosynthesis. Although this assumption has been questioned by plant physiologists from time to time, there has been a tendency to accept NATHAN-SOHN'S (10) evidence in support of it (cf. also BENECKE and JOST, 4, p. 201). JAMES (9) has discussed the possible influenee of various factors in the carbonate mixtures, but his experimental results appear to support NATHAN-SOHN 's opinion, that the determining factor for assimilation is the concentration of free carbon dioxide. The work of OSTERHOUT and DORCAS (11) and OSTERHOUT and HAAS (12) may also be regarded as giving support to this viewpoint. However, WARBURG'S curves for Chlorella photosynthesis as a function of carbon dioxide concentration, and certain of the phenomena he observed in connection with temperature coefficients and the action of inhibitors, are in disagreement with results obtained by VAN DEN HONERT (7) and VAN To cover a somewhat wider range of pH, a carbonate buffer of pH 8.9
was added to the phosphate series. The computed concentration of free carbon dioxide in this mixture corresponds to a partial pressure of about 0.5 per cent. carbon dioxide in air, so to maintain the concentration comparable throughout the series, the phosphate buffers were saturated with this gas mixture. The exact composition of the gas mixture is of no importance because although in the neig,hborhood of pH 8.5 the rate of photosynthesis varies a little with the composition of the carbonate mixture, we shall show that in phosphate it is constant over the range of carbon dioxide partial pressures covered in these experiments (see fig. 2 and accompanying discussion). Table III shows rates of photosynthesis for twi-o experiments covering the range of pH 4.6 to 8.9, one for C. pyrenoidosa, the other for C. vzulgaris. It will be recalled that for 0.5 per cent. carbon dioxide the retentions were computed, and not measured experimentally as for table II. The agreement between duplicate determinations nevertheless remains satisfactory. Although the rates of photosynthesis are a little scattered, they show no tendency to vary consistently with the concentration of hydrogen, bicarbonate, or carbonate ions. There is therefore no indication that any one of these factors plays a part in determining the rate of photosynthesis, at least down to 0.5 per cent. carbon dioxide.
During the measurements of photosynthesis in phosphate saturated with 0.5 per cent. carbon dioxide, the latter was used up so rapidly that its concentration must have undergone considerable change even in the course of the brief rate determinations (10 or 15 minutes). It was stated above that in these experiments the exact concentration was of no importance. This was established by using a technique developed by AWAARBURG and KUBOWITZ (19) for the study of respiration at low partial pressures of oxygen. They admitted a small amount of oxygen to a vessel containing a suspension of respiring cells, and followed the disappearance of oxygen on a differential manometer from minute to minute until it was gone. They could then compute the concentration of the oxygen remaining at any given time, and the corresponding rate of respiration. Adapting the technique to photosynthesis, we passed known amounts of carbon dioxide into a vessel containing a suspension of Chlorella cells. A saturating light intensity was used for these experiments, so that, at the higher carbon dioxide concentrations, the only external factor limiting photosynthesis was temperature. The rates of photosynthesis were calculated for various carbon dioxide concentrations in the same way that WARBIJRG and KTBOWITZ (19) calculated respiration. For C. pyrenoidosa cells suspended in M/'25 phosphate at pH 4.6, the rate of photosynthesis is plotted against carbon dioxide concentration in figure 2. Its perfect constancy over almost the entire range of carbon dioxide concentrations is remarkable, especially when contrasted with the corresponding plot of measurements made in carbonate mixtures (cf. WARBURG, 17, p. 254, fig. 10;  EMERSON and ARNOLD, 5, p. 409, fig. 10 ). In these cases the upper part of the fig. 3 ). Our curve shows photosynthesis remaining constant even down to a slightly lower partial pressure than in his experiment. There can be no doubt that in this particular case the difference between WARBURG'S results and VAN DEN HONERT'S is due not to physiological differences between the organisms used, but to differences in the methods. VAN DEN HONERT'S cells never came in contact with carbonate mixtures, and the conditions for his experiment were comparable with those for figure 2. The difference between WARBURG'S carbon dioxide curve and our figure 2 supports the conclusion drawn earlier in this paper, from the experiments in carbonate mixtures at different concentrations, that other factors besides the concentration of free carbon dioxide determine the rate of photosynthesis in the carbonate mixtures. These mixtures do not give us a true picture of the influence of carbon dioxide concentration on photosynthesis.
The curve in figure 2 is taken from one of many attempts to measure photosynthesis in phosphate at limiting concentrations of carbon dioxide.
While there is no doubt concerning the horizontal portion, which continues straight to 5 per cent. carbon dioxide, ten times the range of concentration shown in the figure, the shape of the descending limb is uncertain because of limitations inherent in the method. It would probably be satisfactory if photosynthesis could be studied from the exchange of carbon dioxide alone, just as WARBURG and KUBOWITZ studied respiration from the exchange of oxygen alone. They achieved this by using alkali to absorb the carbon dioxide produced. In our photosynthesis experiments we have tried to use yellow phosphorus to absorb the oxygen produced, in order to measure photosynthesis from changes in carbon dioxide pressure. We were able to confirm the general belief that anaerobiosis in the dark does not interfere with the immediate start of photosynthesis when the light is turned on, but found that continued illumination in the presence of yellow phosphorus produced a slowly declining rate of photosynthesis. It is possible that the presence of phosphorus rather than the absence of oxygen was responsible for the injury, although one would be inclined to doubt this because the exposure of cells to the presence of yellow phosphorus in the dark for many hours is quite without effect on subsequent photosynthesis. In any case we were unable to obtain constant rates of photosynthesis at constant carbon dioxide concentrations if yellow phosphorus was present, and were therefore obliged to work under aerobic conditions. For experiments under aerobic conditions it is necessary to calculate the gas exchange from the combined change in pressure of both oxygen and carbon dioxide, assuming that they are exchanged in equal amounts. This is certainly a close approximation to the truth, and is entirely satisfactory for determinations made with ordinary open manometers. It is also satisfactory for the differential manometer experiments over the range covered by the horizontal portion of the curve in figure 2. But the vessel constant for the differential manometer is more sensitive to changes in the ratio of exchange of oxygen and carbon dioxide because for these experiments the fluid volume must be muchl smaller in proportion to .the gas volume than for the ordinary manometer experiments, in order to keep the diffusion resistance as small as possible. This becomes important when the rate of photosynthesis begins to decline with declining carbon dioxide concentration because, although the photosynthetic quotient may remain perfectly constant until the last trace of carbon dioxide is gone, there are evidently other physiological processes which lead to the evolution of small amounts of oxygen in the light, and they may greatly alter the ratio of exchange of carbon dioxide and oxygen as the carbon dioxide concentration and photosynthesis approach zero. The actual amount of oxygen produced in these accessory processes is small, but sufficient to introduce considerable uncertainty into the points on the descending portion of the curve in figure 2. The chief disturbing process is nitrate reduction (cf. WARBURG and NEGE-LEIN, 20), which may continue to produce oxygen long after the last traces of carbon dioxide are gone and photosynthesis has ceased. Sometimes this happens even with cells previously starved for nitrate for many hours, and at other times the process seems to be wholly in abeyance. We are never certain that it has not disturbed the apparent course of photosynthesis somewhat, even when the pressure chanae appears to cease with the disappearance of the last traces of carbon dioxide. Our differential manometer experiments will tell us down to what partial pressure photosynthesis remains constant, but they fail to show exactly how the rate changes when it becomes limited by carbon dioxide concentration.
Summary and conclusions
For the present, then, our investigation of the influence of the hydrogenion concentration on photosynthesis stops at the upper range of carbon dioxide concentrations obtainable in carbonate mixtures, and leaves untouched the more interesting range of limiting concentrations. At saturating concentrations of carbon dioxide, neither the hydrogen-nor bicarbonate-ion concentration influences the rate of photosynthesis from pH 4.6 to 8.9. This pH range represents a change in concentration of nearly twenty thousand fold, in both cases. Nevertheless, there is good evidence that in the carbonate mixtures, where the carbon dioxide concentration is lower and the p11 greater, other factors besides the concentration of free carbon dioxide play a part in controlling the rate of photosynthesis. In all probability these factors are the concentrations of bicarbonate and carbonate ions. This opinion is supported by our finding that the rate of photosynthesis in phosphate is remarkably constant from 5 per cent. atmospheric carbon dioxide down to less than 0.05 per cent., while over the same range of concentrations in carbonate mixtures, the rate is known to decline somewhat with declilning carbon dioxide concentration.
We cannot say how great a change in internal pH is brought about by changing the external pH from 4.6 to 8.9. That there is some change in internal pH is indicated by the behavior of respiration, which seems to be about 30 per cent. higher at 4.6 than at 7 or 8.9. If we could establish the range of pH at the chloroplast over which photosynthesis is constant, it would help in forming opinions concerning the merits of proposed mechanisms of photosynthesis. 
